(appetite-stimulating) neurons expressing Neuropeptide Y (NPY) and Agouti-related Peptide (AgRP) and anorexigenic (appetite-inhibiting) neurons expressing Proopio-Melanocortin (POMC), Cocaine-and Amphetamine-regulated Transcript (CART) (Schwartz, Woods, Porte, Seeley, & Baskin, 2000) . These types of neurons are sensitive to the actions of both insulin and leptin (Woods & D'Alessio, 2008) . Leptin, secreted from adipose tissue proportionally to body fat mass, modulates the anabolic and metabolic regulating cycles in the brain (Kanchuk, Backus, Calvert, Morris, & Rogers, 2002; Martin et al., 2001) . These regulating cycles are controlled by peripheral satiation and hunger signals such as cholecystokinin (CCK), glucagonlike peptide-1 (GLP-1), peptide tyrosine-tyrosine (PYY) and ghrelin.
Leptin modulates the regulating cycles by increasing the sensitivity of the hypothalamus to satiation signals (Woods & D'Alessio, 2008) .
Satiation is described as the increasing sensation of fullness during a meal. Satiety, in contrast, is the motivation to not eat between meals (Backus, 2006) . Leptin concentration is positively correlated to the body fat percentage of an individual, and it reflects the actual energy status (Suzuki, Jayasena, & Bloom, 2012) . High body fat mass is notoriously correlated to an impaired tissue sensitivity to the action of insulin, which is commonly referred as impaired peripheral insulin sensitivity (Appleton, Rand, & Sunvold, 2001; Kolterman, Insel, Saekow, & Olefsky, 1980) . Leptin resistance also characterizes the obese state. In obese individuals, despite having higher leptin concentrations than lean individuals do, this condition causes the appetite to not be effectively suppressed (Crujeiras et al., 2015) . Appleton, Rand, and Sunvold (2002) demonstrated that increased plasma leptin concentrations are associated with decreased insulin sensitivity in cats, independent of adiposity. Various abnormalities can occur in the complex energy homeostasis mechanisms, and these abnormalities are involved in the development of obesity. Studies in humans have demonstrated that polymorphism in the CCK-1 receptor gene and the PYY allele is associated with increased body weight (Funakoshi et al., 2000; le Roux et al., 2006) . In the cat breeding family of the IAN, segregation analysis led to the detection of a genetic contribution in overweight animals. The genotyping analysis identified markers in the regions of the chromosome D3 containing melanocortin receptor 4 (MC4R) and neuropeptide Y receptor 1 (NPY1R) as being associated with the body condition score (Wichert, Häring, Dolf, Trossen, & Haase, 2012) . Both receptors are located in the NARC and are known to be involved in the regulation of food intake and energy expenditure. The receptors have also been associated with overweight in humans (Woods & D'Alessio, 2008) . Haring et al. (2012) observed a negative correlation between overweight and insulin sensitivity. Measurements for this study were performed at the age of 8 months, when the cats were already overweight (Haring et al., 2012) . In humans, a mutation at the MC4R locus has an increasing influence on the body mass index (BMI), starting at 8 years of age (Warrington et al., 2015) . Wichert, Trossen, Uebelhart, Wanner, and Hartnack (2012) , observed a significantly higher food intake by adult male cats with a predisposition to overweight compared to that of cats without this predisposition.
The aim of this study was to quantify the food intake behaviour and energy expenditure in growing kittens to understand the mechanisms involved in the development of obesity early in life. Our hypothesis was that a predisposition to overweight is correlated to a higher food intake and lower energy expenditure early in life. A second hypothesis was that insulin sensitivity and circulating leptin are correlated only with the body fat percentage in the investigated cat family and are not altered prior to the development of overweight.
| MATERIAL AND ME THODS

| Animals and study design
A total of 26 intact kittens (11 females, 15 males) from 10 litters from the breeding family of the IAN with a mean birth weight of 101.1 g (SE ± 2.5) were investigated. The litter size ranged from 1 to 7 kittens. All kittens were kept under the conditions specified in the study design and were clinically healthy. An ethical approval for animal experimentation was obtained from the Cantonal Veterinary Office of Zurich (licence number 128/2014).
All kittens of each litter lived with their mothers and were nursed for the first 8 weeks of age. In addition, the kittens were fed with a moist commercial dry food (dry matter (DM): 94%, crude protein (CP): 38%, crude fat (CL): 25.5%, crude fibre (CF): 1.2%, crude ash (CA): 6.8%, metabolizable energy (ME): 1.89 MJ/100 g) and with mushed wet food (DM: 20%, CP: 8%, CL: 5%, CF: 1%, CA: 2.5%, ME: 0.36 MJ/100 g) ad libitum from the age of 3 weeks and were fully weaned at 8 weeks of age. During the experiment, a different commercial dry food (Swiss Professional Kitten Chicken, Biomill SA, F I G U R E 1 Experimental study design, where M = months, D = DEXA, F = food intake (14 days), R = respiration chambers (5 days), B = blood draw. Additionally, BW was measured monthly, and daily during the respiration chamber phase; and BCS was assessed monthly, starting at 2 months of age Herzogenbuchsee, Switzerland) was fed from the 17th week of age until the age of 8 months (DM: 95%, CP: 34%, CL: 18%, CF: 2%, CA: 7%, ME: 1.73 MJ/100 g), ad libitum. Estimations of ME were calculated according to Kienzle et al. (1998) . The kittens were weighed daily for the first 2 weeks of life, every second day until weaning and once per week until 8 months of age. The body condition score (BCS) of each cat was evaluated monthly from the age of 2 until 8 months of age. Energy expenditure was measured for 5 days and food intake for 14 days at the ages of 4 and 6 months. Dual-energy X-ray absorptiometry (DEXA) was performed and blood samples were drawn at the ages of 4, 6 and 8 months (Figure 1 ). 
| Body fat percentage
| Body condition score
The BCS of each cat was evaluated monthly from the age of 2 until 8 months according to a scale from 1 to 9 defined by Laflamme (1997) , that was modified to match the physiological differences between young kittens and adult cats, which included eliminating the emphasis on the rounding of the abdomen. The palpability of the ribs and their fat covering were considered in two separate points (Table 1) . Cats were classified as ideal with a BCS of 5, as overweight starting from a BCS of 6, and as obese from a BCS of 8, as in the study by Laflamme (1997) . were maintained. Calibration of the gas analysers was performed automatically before each measurement using pure N 2 (99.999%) and a mixed calibration gas (0.5% CO 2 and 0.1% CH 4 in N 2 as a carrier).
| Energy expenditure
TA B L E 1 Body Condition Score scoring sheet after Laflamme (1997) , modified to match the physiological differences in young kittens compared to adult cats Recovery of the instrument was tested before each experimental period by burning propane gas. The mean recovery rate of O 2 and CO 2 from the two chambers was 96.9% and 94% respectively. In both the respiration chambers and in the group housing, the daily light exposure was set to summer levels (6 a.m.-22 p.m.).
BCS
O 2 consumption and CO 2 production were determined with the body weight, metabolic body weight (BW 0.67 ) and fat-free mass (BW ff ). Dried food and lyophilized urine and faeces were analysed for gross energy using an anisothermal bomb calorimeter (IKA calorimeter C2000 Basic, IKA-Werke GmbH, Staufen, Germany). Liquid, defrosted urine at room temperature and lyophilized faeces and dried food were analysed for nitrogen (N) and carbon (C) using a CN analyser (TruMac CN, Leco Corporation, St. Joseph, MI, USA). The dry matter and ash contents were analysed at the same time using a thermogravimetric analyser (TGA-701, Leco Corporation). The crude fat and crude fibre contents of the food samples were analysed following the proximate analysis described by Naumann and Bassler (2004) . Crude protein was calculated by multiplying the N content by 16, based on the assumption that proteins have a mean N content of 16%. Nitrogen-free extract amounts were calculated using the following formula: NfE = DM -(CA + CP + CL + CF, where DM = dry matter, CP = crude protein, CL = crude fat, and CF = crude fibre.
Nitrogen, carbon and energy balances were calculated following the formulas of Brouwer (1965) with reference to both metabolic body weight and fat-free mass (formulas only shown for BW 0.67 ):
There is only a negligible or no production at all of methane (CH 4 ) in the feline species (Schade, 2006) .
After Christensen, Chwalibog, Henckel, and Thorbek (1988) ,
The means and standard errors (SE) were also calculated.
| Food intake
Food intake behaviour was measured for 14 days at 4 and 6 months of age using an automatic feeding station . From the data registered by the feeding station, the following metrics were calculated: food intake per day, number of meals per day, meals during daytime (6 am-22 pm), meals during darkness (22 pm -6 am), time between meals, meal length, and food intake per meal. The intake of metabolizable energy (ME) was calculated using the ME content of the dry food, as determined during the respiration measurement ).
| Blood values
Blood samples were collected from the vena cephalica after four hours of fasting at 4, 6 and 8 months of age and were analysed immediately for glucose content with a validated blood glucose meter (Ascencia Elite TM , Bayer Inc. Healthcare Division, Toronto, Canada) (Wess & Reusch, 2000) . After centrifugation, plasma was stored at −80°C and subsequently analysed for insulin and leptin concentration. Insulin concentration was measured by a feline-specific enzyme radioimmunoassay (Mercodia Feline Insulin ELISA, Mercodia, Uppsala, Sweden), validated for use in cats by Strage, Holst, Nilsson, Jones, and Lilliehook (2012) . In this study, they report intra-and interassay coefficients of 2.0-4.2% and 7.6-14% respectively. Leptin concentration was determined using a multi-species leptin radioimmunoassay (Multi-species Leptin RIA Kit XL-85K, Millipore, Missouri, USA). Backus, Havel, Gingerich, and Rogers (2000) validated this test kit for use in cats and found an intraand interassay coefficients of 2.8-3.6% and 6.5-8.7% respectively.
The insulin sensitivity index was calculated following the homeostasis model assessment (HOMA) (Matthews et al., 1985) which was developed to measure human insulin sensitivity:
This index was validated for use in cats by Appleton, Rand, and Sunvold (2005) .
| Statistical analysis
Statistical analysis was performed using Excel (Office Excel percentage and insulin sensitivity was assessed. The association of food intake with body fat percentage and blood leptin concentration, food intake behaviours, and sex as well as the association of food intake behaviours at 8 months of age and food intake at 4 and 6 months were also assessed. For all models, interactions between the same factors at two different time points (4 and 6 months of age) were considered. The threshold for statistical significance was set at p < 0.05. Only factors with a significant impact on the outcomes are reported. The median values of the aforementioned factors were also calculated.
| RE SULTS
| Body fat percentage
Median with the minimum and maximal values for all analysed factors are listed in Table 2 . Body fat percentage at 8 months was significantly associated with food intake (with reference to both BW 0.67 and BW ff ), food intake rate, blood leptin concentration and male sex (details in Table 3 and Supporting information Table S1 ). Energy expenditure at 4 and at 6 months alone had no association with body fat percentage at 8 months of age. Body fat percentage was not correlated to the insulin sensitivity index at 8 months of age. Median with the minimum and maximal values for insulin sensitivity index are listed in Table 2 .
| Body condition Score
The distributions of the BCS are illustrated in Figure 2 . BCS at 8 months of age was found to be significantly associated with the food intake (with reference to BW 0.67 and BW ff ) at 6 months, food intake rate (grams per minute of stay per cat) at 4 and 6 months, blood leptin concentration, and the interaction of energy expenditure and food intake at 6 months.
The energy expenditure at 4 and at 6 months alone had no association with BCS at 8 months of age. Males had a significantly lower BCS than females did. Food intake and energy expenditure relating to metabolic BW at 6 months were negatively correlated (details in Table 4 ).
However, no association was found for BW ff (see Supplementary information Table S2 ). BCS and body fat percentage were significantly associated at every measured time point (see Table 5 ).
| Food intake
Food intake at 6 months of age (with reference to both BW 0.67 and BW ff ) was associated with meal frequency and size, along with male sex (details in Table 6 and Supporting information Table S3 ).
Food intake at 4 months of age (with reference to BW 0.67 ) was associated with meal frequency and size and was negatively associated with food intake rate (details in Table 6 ).
| D ISCUSS I ON
In this study, kittens that became overweight ate more and faster than their lean littermates did. This was shown by the association of both the daily food intake and food intake rate with the development of overweight. Both food intake and food intake rate were positively associated with a higher BCS and body fat percentage at 8 months of age. In humans, it has been extensively demonstrated TA B L E 2 Median values (min-max) of the analysed factors Body Condition Score, body fat percentage, food intake, energy expenditure, fat gain, protein deposition, blood serum leptin concentration, meals per day, meal size, food intake rate, duration of meal and insulin sensitivity index (n = 22 at 4 months, and n = 26 at 6 months and 8 months, if available) that quick eaters have a significantly higher body mass index (BMI) and body weight (Christensen et al., 1988) than slow eaters do.
Among the possible explanations for this phenomenon, it can be assumed that by eating faster, more energy is ingested before the satiation signals are recognized by the brain, which are triggered on nutrient ingestion by gastric distension and the release of gut factors, including CKK (Morton, Cummings, Baskin, Barsh, & Schwartz, 2006) . Another important finding is that kittens who ate more overall had larger meals at a higher frequency at 6 months of age. These findings together may indicate a possible disorder in the satiation and satiety feedback in cats that develop an overweight phenotype early in life (Haring, Wichert, Dolf, & Haase, 2011) . Similar to that, in adult humans, eating frequency (both meals and snacks) has been positively associated with overweight/ obesity (Murakami & Livingstone, 2015) , and an earlier study by the same authors also showed that a higher eating frequency was associated with a higher BMI in adolescents and children (Murakami & Livingstone, 2014 TA B L E 3 Factors food intake at 4 months, food intake rate at 4 and 6 months, blood serum leptin concentration at 8 months and sex associated with body fat percentage at 8 months in a generalized linear model (n = 22 at 4 months, and n = 26 at 6 months and 8 months) 
TA B L E 4
Factors food intake at 6 months, food intake rate at 4 and 6 months, blood serum leptin concentration at 8 months, sex and food intake at 6 months with energy expenditure at 6 months associated with Body Condition Score at 8 months in a generalized linear model (n = 22 at 4 months, and n = 26 at 6 months and 8 months)
an increased meal frequency can lead to a positive energy balance and, therefore, to overweight (Fettman et al., 1997) . In Labrador and Flat-Coated Retrievers, Raffan et al. (2016) found a deletion in the POMC gene that was associated with increased body weight, adiposity, and food motivation. The adult intact overweight male cats from the cat family examined in this study, however, were previously found to have a significantly higher food intake rate and an increased meal size but no increased meal frequency . The differing eating behaviour of these cats could have been influenced by the weight-loss programme they underwent before the experiment, which could have resulted in atrophy of the existing adipocytes and led to important adaptations in energy homeostasis mechanisms (MacLean, Higgins, Giles, Sherk, & Jackman, 2015) . This phenomenon, also referred as "weight-cycling" or "yo-yo dieting" is well known, both in human beings (Blackburn et al., 1989; Brownell, 1989) and in animals such as dogs and cats (MacLean et al., 2015; Nagaoka, Mitsuhashi, Angell, Bigley & Bauer, 2010; Villaverde et al., 2008) .
At 6 months of age, cats with an increased food intake had lower total energy expenditures. The main components of total energy expenditure are resting energy expenditure, energy expenditure for the processing of ingested food, and activity-related energy expenditure. These factors are mainly determined by body size, food intake, physical activity and body composition. Body fat has a fivefold lower contribution to resting energy expenditure compared to that of fat-free mass, ~3.5 kcal kg −1 day −1 versus ~18 kcal kg
respectively (Browning & Evans, 2015; Wang et al., 2000) . In the present study, kittens with a higher BCS also had a higher body fat percentage. Increased food intake was additionally correlated to a higher body fat percentage, which could have contributed to a relatively lower energy expenditure. When analysed with reference to BW ff , no significant association could be determined between food intake and energy expenditure. The same was shown by Martin et al. (2001) , who described a significantly lower energy expenditure in adult cats after gonadectomy on a bodyweight basis; however, as in the present study, these results were not significant when evaluated on a BW ff basis. In our study, no significant correlation was found between energy expenditure at 6 months and BCS or body fat percentage at 8 months. Activity-related energy expenditure also impacts total energy expenditure (Westerterp, 2017 ), and a low activity level is one of the most common causes of overweight in both humans (Pengpid & Peltzer, 2016; Trandafir & Temneanu, 2016) and cats (Colliard et al., 2009; Scarlett, Donoghue, Saidla, & Wills, 1994) . However, we did not measure the activity level in the present study. Thus, it would be interesting to quantify the activity of growing and adult cats with and without a predisposition to overweight.
Our initial hypothesis that a predisposition to overweight is connected to a higher food intake and lower energy expenditure early in life is partially wrong because a higher food intake was found to be positively correlated to overweight, whereas energy expenditure was not. Considering these results, it can be assumed that cats with a predisposition to overweight have an altered regulation of food intake with an unaltered energy metabolism.
At all measured time points, there was no correlation between fat gain (measured with help of carbon balances) and BCS or body fat percentage (data not shown). This could be due to the different durations and time points of the two measurements (respiration chambers were measured for 5 days, whereas food intake measurements were taken for 14 days). As all animals present a certain fat accretion during growth (Dobenecker, Endres, & Kienzle, 2013) , it is possible that the difference in fat gain measured during the short period in the respiration chambers was too modest to be significant.
BCS is a subjective assessment and therefore has its limitations, especially as a modified version for growing kittens was used. However, BCS and body fat percentage were correlated at all measured time points. The estimate was lower at 4 and 6 months compared to 8 months old. This could be due to the smaller size and weight of the kittens at 4 and at 6 months of age, which was at the lower limit of Software of the infant body scan. To use the same device for all three measurements, the use of a DEXA scan designed for rats was not considered. Overall, in our study, male kittens had a lower BCS and body fat percentage but a higher food intake compared to their female counterparts. The higher body fat percentage in females is in agreement with the findings of other studies in cats TA B L E 5 Association between Body Condition Score (BCS) and body fat percentage in a generalized linear model (n = 22 at 4 months, and n = 26 at 6 and 8 months) TA B L E 6 Factors meal frequency at 6 months, meal size at 6 months, sex, meal frequency at 4 months meal size at 4 months and food intake rate at 4 months associated with food intake at 6 months (n = 26, indicated with superscript letter A), and 4 months (n = 22, indicated with superscript letter B) (Martin et al., 2001 ) and in pubertal and adult humans (LoombaAlbrecht & Styne, 2009; Wells, 2007) .
In the present study, no association between leptin levels and food intake at 4 or 6 months of age could be determined.
Physiologically, leptin is known to decrease food intake by suppressing the appetite and to be secreted proportionally to the body fat percentage (Woods & D'Alessio, 2008) . However, the leptin blood levels at 8 months of age were found to be positively correlated to an increased BCS and body fat percentage at the same age. These results are in agreement with those of previous studies (Martin et al. (2001) and Backus et al. (2000) ).
The male kittens in our study had no significant difference in leptin blood concentration compared to the females, which is in contrast to findings in humans (Koester-Weber et al., 2014) . In human adolescents, it is known that there is a noteworthy variability of metabolic parameters, including leptin, between sexes (Cook, Weitzman, Auinger, Nguyen, & Dietz, 2003; Weiss & Caprio, 2005) . The mean age at the onset of puberty in domestic shorthair cats is between 4.5 and 15 months (Peterson & Anne Kutzler, 2010) , and its onset is dependent on the body weight (Lein & Concannon, 1983; Scott, 1971 ) and season of the year (Hurni, 1981) . In the present study, the examined kittens were born in different seasons of the year, so we cannot exclude that they entered puberty at different time points within the measured time frame of 6 months, which could have led to an increase in the variability of leptin blood concentration.
In humans, the activity level also has an influence on leptin blood No significant correlation between BCS, body fat percentage and insulin sensitivity was found in our growing kittens, which is in agreement with other studies conducted with adolescent cats (Rigamonti et al., 2013) . In the study by Rigamonti et al. (2013) , obese adults were significantly more insulin-resistant than lean adults were. This condition could not be proven in obese adolescents. In adolescents, it is known that there is a noteworthy variability of metabolic parameters, including insulin (Cook et al., 2003; Weiss & Caprio, 2005) . Therefore, our second hypothesis that insulin sensitivity and leptin blood concentration are correlated only to the body fat percentage and are not altered prior to the development of overweight was confirmed. HOMA analysis was used to calculate the insulin sensitivity index because of its lower invasiveness compared to that of the minimal model estimation of insulin sensitivity or a glucose tolerance test, according to Appleton et al. (2005) , which validated its use in cats. However, we cannot exclude that assessment of insulin sensitivity with the aforementioned measuring techniques could have led to other results.
| CON CLUS ION
It was shown that kittens developing a higher BCS at an early age had a higher food intake but the same energy expenditure compared to those of lean kittens. These findings indicate a possible disorder in the satiation and satiety feedback in cats which develop an overweight phenotype early in life. In the future, the focus of further studies could include investigating the variability at genetic loci connected to food intake (MC4R, NPY1R, POMC) and the activity level of predisposed cats.
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